Strains of Rhizobium meliloti, Rhizobium sp. nodulating cowpeas, and R. phaseoli derived from cultures susceptible to tetramethylthiuram disulfide (thiram), 2,3-dichloro-1,4-naphthoquinone (phygon), and 2,3,5,6-tetrachloro-pbenzoquinone (spergon), respectively, grew in the presence of high concentrations of the fungicides and converted them to products not toxic to the sensitive rhizobia. The results of chemical assays demonstrated that the pesticides were destroyed by the resistant bacteria but not by the susceptible parent rhizobia. Resting cells of thiram-metabolizing R. meliloti formed large quantities of dimethyldithiocarbamate, dimethylamine, and CS2 from the pesticide. The products were characterized by gas and thin-layer chromatography, colorimetric reactions, and ultraviolet spectrometry. Dimethylamine and CS2 were formed spontaneously from dimethyldithiocarbamate, but the yield was higher in the presence ofR. meliloti. The phygon-resistant bacterium converted the fungicide to five metabolites and thereby rendered the chemical nontoxic to a test fungus. The resistant strain of R. phaseoli generated at least one organic product and released about one-third of the chlorine during its detoxication of spergon.
Seed treatment with fungicides is an important means of minimizing or preventing the harm done by pathogenic fungi that attack seeds or the roots of seedlings. These antimicrobial agents are not specific for the pathogens, however, and they inhibit fungi, bacteria, and other groups of microorganisms. Such inhibitions are particularly serious when the pesticides are applied to seeds of legumes, because the consequent suppression of species of Rhizobium may result in nodulation failures or reductions in the quantities of N2 fixed by the legume-Rhizobium symbiosis.
The present report is part of a study designed to obtain strains of root-nodule bacteria that can be applied directly to fungicide-treated seeds. The approach involves the use of acclimated or mutant strains resistant to levels of the compounds that are employed in practice. The investigations presented here deal with the metabolism of the pesticides and mechanisms of resistance; a separate report will provide data on the inoculation, successful establishment, and N2-fixing activity of these new strains on chemically treated seeds.
The metabolism of the fungicide thiram (tetramethylthiuram disulfide) has been the subject of some inquiry, and it has been reported to be transformed by Enteromorpha linza (11) , several fungi (15) , and samples of soil (16) .
MATERIALS AND METHODS
Cultures. R. meliloti 87, R. phaseoli 203, and cowpea Rhizobium K04SR are strains effective on alfalfa, field beans, and cowpeas, respectively. The fungicides 2,3,5,6-tetrachloro-p-benzoquinone (spergon) and 2,3-dichloro-1,4-naphthoquinone (phygon), and the sodium salt of dimethyldithiocarbamate (DMDT) were purchased from Eastman Organic Chemicals, Rochester, N.Y. Thiram was obtained from Aldrich Chemical Co., Milwaukee, Wis. Strains ofR. meliloti 87, R. phaseoli 203, and Rhizobium K04SR resistant to 300 jig of thiram, 250 ,ug of spergon, and 1,000 zg of phygon/ml, respectively, were obtained by repeated sequential exposure of the organisms to increasing concentrations of each pesticide. None of the parent strains was able to grow at a fungicide concentration higher than 50 ,ug/ ml. The tolerant organisms were designated as strains 87TR, 203CR, and K04SRPR.
Fungicide detoxication. R. meliloti 87TR, R. phaseoli 203CR, and Rhizobium K04SRPR were incubated at 30°C in 50 ml of yeast extract-mannitol (YEM) broth (18) containing 200 ,ug of thiram, 120 ,ug of spergon, and 400 ,ug of phygon/ml, respectively. The 125-ml Erlenmeyer flasks containing the media were incubated on a rotary shaker. After 4 or 5 days, the cells were removed by centrifugation at 9,000 x g for 10 min, the supernatant liquids were sterilized by passage through 0.20-,um membrane filters (Millipore Corp., Bedford, Mass.), and 3.0-ml portions of the sterilized fluid were added to 10 ml of YEM broth contained in 25-ml test tubes. The tubes were inoculated with the appropriate parent strains and incubated at 30°C on a rotary shaker operating at 120 rpm. Growth was measured either visually or turbidimetrically at 540 nm by use of a Spectronic 20 spectrophotometer.
Chemical assay of fungicide disappearance. To measure phygon loss, 50-ml quantities of YEM broth with 200 ,ug of phygon/ml contained in 125-ml Erlenmeyer flasks were inoculated with washed cells derived from a 48-h culture of the resistant Rhizobium K04SRPR or its susceptible parent. The flasks were incubated at 30°C on a rotary shaker operating at 180 rpm. Samples (50 ml) were taken regularly and extracted three times, each with 20-ml quantities of benzene. Analysis of phygon in the benzene extracts was performed by the method of Lane (8) , the optical density being measured at a wavelength of 490 nm.
To assess thiram loss, we used modified Vincent (18) synthetic medium containing (per liter): mannitol, 10 g; K2HPO4, 1.0 g; KH2PO4, 1.0 g; KNO3, 1.0 g; NaH2PO4 2H20, 0.2 g; MgSO4, 0.18 g; CaSO4 -2H2O, 0.13 g; Fe(NO3)2*9H2O, 0.10 g; NaMoO4 2H2O, ZnSO4 * 7H20, H3BO4, and MnSO4 -H20, 0.2 mg each; CuSO4, 15 ,ug; Co(NO3)2 6H20, 1.0 ,ug; mesoinositol, 1.3 mg; and 100 ,ug of the fungicide/ml. The solutions were inoculated with thiram-susceptible and -resistant strains of R. meliloti, and the experimental conditions were the same as described above for phygon. The contents of each flask were extracted three times with one-third volumes of chloroform and were analyzed by the colorimetric method of Keppel (7) . The possible disappearance of spergon was measured in a similar manner. YEM broth which contained 200 Ag of the fungicide ml was inoculated with the strains ofR. phaseoli resistant and susceptible to spergon. The pesticide remaining in the medium was extracted three times with one-third volumes of benzene and was determined colorimetrically by the method of Lane et al. (9) .
Bioassay of phygon detoxication. Rhizobium K04SRPR was inoculated into 50 ml of YEM broth supplemented with 100 ug of phygon/ml and contained in 125-ml Erlenmeyer flasks. After incubation of these cultures at 30°C on a rotary shaker operating at 180 rpm, 5.0-ml portions were withdrawn and introduced into 45 ml of potato dextrose broth supplemented with 50 ,ug of penicillin G/ml, the antibiotic inactivating the Rhizobium. The latter medium was then inoculated with a spore suspension of Pythium debaryanum, and the flasks were incubated at 30°C on the shaker. After 7 days, the fungal mass was removed, dried at 90°C for 12 ,umol of phygon in 0.5 ml of acetone was introduced into the main vessel of the Warburg flask, and the acetone was evaporated off in a stream of N2 before the addition of 2.5 ml of the buffer and 0.5 ml of resting cells to the flasks.
Phygon metabolism. Resting cells of Rhizobium K04SRPR were prepared as described above and incubated on a rotary shaker at 30°C in 450 ml of 0.1 M phosphate buffer containing 600 ,umol of phygon. After incubation, the reaction mixture was acidified to pH 2.0 with concentrated HCl and was extracted three times with one-third volumes of ether and twice with one-third volumes of hexane. The volume of the extract was reduced to about 15 ml in a flash evaporator. Thin-layer chromatography (TLC) of the extract was performed by use of Chromagram sheets (20 by 20 cm; Eastman) bearing silica gel containing a fluorescent indicator exciting at 254 nm. The plates were developed in a toluene-hexaneethyl formate-ethanol (5:2:2:1) solvent system, and the spots were visualized by observing the plates with an ultraviolet (UV) lamp (254 nm).
The products of phygon degradation were subjected to preparative TLC by use of 2-mm-thick silica gel coated on glass plates (20 by 20 cm). The chromatogram was developed with the toluene-hexaneethyl formate-ethanol solvent mixture. The clearly separated band on the plate was scraped offwith the silica gel, and the material was extracted four times each with 15 ml of ether and then 15 ml of hexane. This extract was concentrated to about 10 ml, and the crude product was crystallized from ethanol. Infrared spectra of KBr pellets of authentic phygon were obtained with a Beckman spectrophotometer, model IR-10. The chemical ionization mass spectrum of the unknown was obtained with a Finnigan-3300 mass spectrometer.
Metabolism of spergon. R. phaseoli 203CR was grown at 30°C for 48 h in 0.5% mannitol-mineral salts broth, and washed resting cells were obtained as described above. These cells were incubated on a rotary shaker at 30°C in 450 ml of 0.1 M phosphate buffer (pH 7.0) amended with 600 umol of spergon. After 4 h, the contents ofeach flask were centrifuged at 8,000 x g for 10 min. Chloride ions in the supernatant fluid were determined by the method of Bergmann and Sanik (4). The original reaction mixture was acidified and then extracted with ether followed by hexane as outlined above. The extracts were concentrated in a flash evaporator and characterized by using a solvent mixture of toluene-benzene-ethyl acetate-acetic acid (5:4:4:1).
Metabolism of thiram. Thiram-tolerant R. meliloti 87TR was grown for 48 h in 0.5% mannitolmineral salts broth, and washed cells from these cultures were incubated for 2 h with continuous mixing in 200 ml of 0.1 M phosphate buffer (pH 7.0) containing 250 ,ug ofthiram/ml. After 15 min, dry N2 flowing at a rate of approximately 40 ml/min was passed first through the reaction mixture and then into three 30-ml bubblers containing fritted-glass dispersion tubes. The bubblers were arranged in series, the first containing 10 ml of a 2.0% aqueous solution of zinc acetate to remove H2S, the second containing 10 ml of Dickinson-Viles reagent to absorb CS2 (19) , and the third containing a solution to absorb dimethylamine (DMA) (13) . The absorbed CS2 was determined colorimetrically (11) . DMA remaining in the reaction mixture was extracted three VOL. 33, 1977 on September 28, 2017 by guest http://aem.asm.org/ Downloaded from times with ether and measured colorimetrically by the procedure of Pribyl and Nedbalkova (13) . Residual thiram was extracted three times from the reaction mixture with chloroform, and the thiram content of the extract was determined colorimetrically (7) .
In a separate experiment, 200 ml of 0.25% citrate, pH 8.1, supplemented with 250 ,g of thiram/ml was incubated for 60 min with R. meliloti 87TR, and the suspension was stirred but not flushed. The DMDT thus formed was determined colorimetrically (11) . The possible evolution of H2S and SO2 was assessed by the methods of Adams et al. (1, 2) . The UV absorption spectrum of the biologically formed DMDT was determined after removing the cells by centrifugation and extracting the supernatant liquid with an equal volume of ether to remove DMA and then with an equal volume of chloroform to remove thiram. The spectrum of an aqueous solution containing 20 ug of authentic DMDT/ml of 0.25% sodium citrate, pH 8.1, was also determined with a Beckman spectrophotometer, model DBG.
For the gas chromatographic analysis of DMA, a Varian Aerograph gas chromatograph, model 1700, equipped with a flame ionization detector and a stainless steel column (1.2 m by 3.2 mm) packed with Porapak Q (Waters Associates, Inc., Framingham, Mass.) was used. The temperatures ofthe column, detector, and injector were 150, 273, and 2130C, respectively. The flow rate of the carrier gas, N2, was 40 ml/min. For the TLC of CS2, a washedcell suspension derived from a 48-h culture of R. meliloti 87TR was mixed for 2 h at 280C in 0.1 M phosphate buffer, pH 7.0, supplemented with 100 ,ug of thiram/ml. After 20 min, dry N2 flowing at a rate of about 30 ml/min was passed continuously through the solution into a gas dispersion tube containing equal volumes of ethanol and 0.1 N KOH to absorb CS2. Portions of these solutions and of an alcoholic-KOH solution containing CS2 were placed on a Chromagram TLC plate (20 by 20 cm), and the chromatogram was developed with water-saturated nbutanol. The spots on the plate were visualized by spraying with a 0.2% aqueous CuSO4 solution (19) .
DMDT decomposition. A solution with 10 mg of sodium DMDT in 100 ml of 0.25% sodium citrate, pH 8.1, was amended with a washed-cell suspension derived from a 48-h culture of R. meliloti 87TR, a similar cell suspension that had been boiled for 15 min, or no cells. The contents of each flask were continuously stirred at 280C, and dry N2 at a rate of about 30 ml/min was passed through each mixture into two gas dispersion tubes containing 10 ml of either Dickinson-Viles reagent (19) to absorb CS2 or the Pribyl-Nedbalkova solution (13) for DMA absorption.
RESULTS
Fungicide detoxication. The parent cowpea Rhizobium was unable to grow in 10 ml of YEM broth amended with 3.0-ml portions of uninoculated medium containing 400 jig of phygon/ml that had been incubated for 5 days, but the bacteria developed readily in YEM broth amended with 3.0 ml of the culture filtrate of the same medium after development of the phygon-tolerant strain for 5 days (Fig. 1) . The resistant mutant grew readily in the phygonsupplemented broth. Similarly, the thiram-susceptible strain of R. meliloti and the spergonsusceptible strain ofR. phaseoli grew rapidly in YEM medium amended with portions of the supernatant fluid derived from thiram-and spergon-amended YEM broth, respectively, in which the corresponding acclimated strains had grown for 4 days; in these instances, turbidity was observed visually. Such proliferation of the susceptible bacteria suggested that the fungicides were converted by the tolerant strains to nontoxic products.
Chemical assay of fungicide disappearance. Determinations of the disappearance of phygon in the presence of the phygon-tolerant Rhizobium K04SRPR revealed that about two-thirds of the chemical was destroyed by day 3, and only about 1.0 ug/ml was left on day 6 (Fig. 2) . The concentration of phygon remaining at the various sampling periods declined with time; hence, the chemical was being destroyed rather than merely being retained by the cells. The parent Rhizobium failed to grow at this high level of the fungicide, and the concentration of '50 More than 60% of the thiram added to a _ medium inoculated with the thiram-tolerant E \ strain of R. meliloti was destroyed in 1 day \. (Fig. 3) . The concentration of the fungicide was reduced to 3 ,ug/ml by day 3 (Fig. 4) thus enabling the fungus to multiply. The fungus did not proliferate in potato dextrose broth receiving portions of uninoculated phygon-supplemented YEM incubated for up to 6 days. It is noteworthy that, when P. debaryanum was incubated for 7 days in potato dextrose broth containing various concentrations of phygon, its growth was strongly inhibited at concentrations of more than 4 ,ug/ml. Because mycelium weight of P. debaryanum was considerably less in fungicide-free medium (180 mg) than in potato dextrose broth treated with portions of the bacterial culture that had been incubated for 4 or 5 days, it seems that phygon may be converted to products stimulatory to the test fungus or that the bacterium had excreted some other substance enhancing growth of P. debaryanum. 02 consumption by Rhizobium. Rhizobium K04SRPR was incubated in Warburg flasks containing 2.0 ,umol of phygon, and its respiration was measured for 450 min. The Metabolism of thiram. A washed-cell suspension ofR. meliloli 87TR was incubated with 250 ug of thiram/ml for 2 h with N2 being passed through the reaction mixture. Under these conditions, 89 ug of DMA and 143 ,tg of CS2/ml were generated. By contrast, the bacteria-free reaction mixture still contained 248 a,g of the fungicide/ml at the end of 2 h. In the presence of the cells, essentially no DMDT and no H2S or SO2 were detected. In a similar experiment in which N2 was not used to drive out volatile products and the incubation time was 1.0 h, 200 pg of DMDT/ml accumulated from the 250 ug of thiram/ml provided. DMDT was not formed in the absence of bacteria when 0.25% aqueous sodium citrate, pH 8.1, containing 20 pg of DMA/ml was mixed for 2.0 h with 10 ml of CS2. 
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The UV spectra of DMDT generated in the bacterial decomposition of thiram and authentic DMDT had peaks at 250 and 280 nm, results similar to those of Richardson and Thorn (14) . Authentic DMA and the product presumed to be DMA both had retention times of 390 s when examined by gas chromatography, and both gave a positive spot test for aliphatic amines (5) . Authentic CS2 and the product formed from thiram and presumed to be CS2 both had an Rf of 0.50.
DMDT decomposition. A citrate solution containing 100 ug of DMDT/ml was incubated for either 2 or 3 h with viable or boiled R. meliloti 87TR cells or in the absence ofbacteria. As shown in Table 1 , DMA and CS2 were formed from DMDT in either the presence or the absence of the microorganism. These products were generated in larger quantities in the presence of the live bacterium, however. DMDT is known to be chemically unstable, especially at low pH values, decomposing into DMA and CS2 (12) . DISCUSSION In view of the growth of the susceptible parent strains of Rhizobium in broth amended with a portion of the supernatant fluid of a fungicide-containing medium in which the tolerant strain had grown, it is likely that a detoxication of the fungicides by the tolerant rhizobia had occurred. This detoxication hypothesis was corroborated by subsequent chemical and biological assays which confirmed that the tolerant strains destroyed the fungicides. The structures ofthe five products formed from phygon are not know. Indeed, infornation is totally lacking on the metabolism of phygon and spergon are not known. Indeed, information is totally lacking on the metabolism of phygon and spergon, and the degradation products of these fungicides have yet to be established. However, upon exposing a benzene solution of phygon to laboratory light for 12 months, White et al. (20) obtained a photochemically generated product identified as 2-chloro-3-phenyl-1,4-naphthoquinone. When spergon was added to cultures of Aspergillus niger and Neurospora crassa, a The resistance of R meliloti 87TR to thiram appears to be attributable to its ability to form DMDT, which is further decomposed to yield DMA and CS2 (Fig. 6) . DMDT is itself used as a fungicide, and it has been suggested that the antifungal activity of thiram results from its conversion to DMDT (6) . However, this hypothesis is not convincing because thiram is toxic at lower concentrations than DMDT. For example, Lindahl (10) reported that only 6 ,uM thiram was required to inhibit respiration of Enteromorpha linza by 90%, whereas 90 ,M DMDT was needed to achieve the same level of inhibition. CS2, a breakdown product of thiram, is also a fungistatic agent; thus, Weed et al. (19) showed that 32 ug of CS2/ml was inhibitory to spores of Monilinia fructicola and Neurospora sitophila. DMA is relatively nontoxic, but it can be converted to a carcinogen, dimethylnitrosamine, in soil (3) .
The present findings show that the decomposition of DMDT to DMA and CS2 is both enzymatic and nonenzymatic. Furthermore, Lindahl (11) reported that viable but not boiled Enteromorpha linza reduced thiram to DMDT without the evolution of CS2 or H2S. On the other hand, Sisler and Cox (15) demonstrated that the mycelia and spores of several fungi released CS2 from thiram, a process that was destroyed by heating at 60°C. It is also of interest that DMA is generated in soil amended with DMDT (16) .
Inasmuch as the adapted strains of Rhizobium can detoxify these seed protectants, it is possible that the bacterial inoculants and the fungicides can be applied to legume seeds together without the latter destroying the former. Hence, the fungistatic agents might be employed to control fungal pathogens without jeopardizing the potential capacity of the rhizobia for N2 fixation following root hair penetration. The outcome of such a study is the subject of a subsequent communication (0. Odeyemi and M. Alexander, Soil Biol. Biochem., in press). 
